Abstract: Ge diffusion on Si(100), (111), and (110) surfaces has been studied by Auger electron spectroscopy and low energy electron diffraction in the temperature range from 600 to 800
Introduction
Diffusion plays an important role in the processes proceeding on the surfaces of solids. The studies of the transport of metal atoms on silicon surfaces have revealed variety of physical phenomena participating in this process. In particular, it is shown, that the transport of gold and lead atoms along a surface is carried out by proper surface diffusion [1, 2] , while the transport of nickel, cobalt and copper atoms proceeds by different mechanisms. Transport of nickel and cobalt atoms occurs via their diffusion through the volume of silicon followed by segregation to the surface at a sample cooling [3, 4] , and that of copper atoms proceeds by the diffusion through silicon bulk and by segregation to the surface during the diffusion process [5] . The mechanisms of surface transport along a surface and the surface diffusion coefficients can be influenced by presence of adsorbed atoms of the third element. This was observed at the diffusion of nickel along Si surfaces with adsorbed Co [6] and Fe atoms [7] .
Growth of Ge on Si surfaces has recently attracted much attention because of its importance both for semiconductor technology and for understanding scientific problems of growth (see, for example, [8, 9] . Studies of Ge transport on Si surfaces could be important in solving of these problems. However, there have been only a few reports on Ge diffusion at Si surfaces. Theoretical studies of the diffusion of Ge atoms adsorbed on the Si(100)-2×1 surface were carried out by methods of molecular dynamics [10] . The macroscopic diffusion has been shown to follow the Arrhenius behavior with D = 4.3 × 10 −4 exp(−0.73eV /kT ) cm 2 /s [10] . The calculations showed that the microscopic diffusion was anisotropic and the direction of easy diffusion was perpendicular to the dimmers, i. e., parallel to the dimmer rows on the Si(100)-2×1 surface. The diffusion coefficients for Ge diffusion perpendicular to the dimmer rows were found to be D ⊥ = 2.8 × 10 −4 exp(−1.17eV /kT ) cm 2 /s. In ab initio studies of Ge diffusion on Si(100) the activation barriers for diffusion in fast and slow directions were found to be 0.62 and 0.95 eV, respectively [11] . The studies of surface diffusion of Ge on Si(100)-2×1 and Si(111)-7×7 surfaces by Auger electron spectroscopy (AES) have been described [12] . According to the estimates of the authors the Ge diffusion coefficients on Si(100) surfaces are less than those on Si(111) surfaces at last by two orders of magnitude. The authors investigated also a possible dependence of diffusion coefficients on azimuthal directions. However, they found no evidence for preferential diffusion along any direction. The experimental study of the anisotropy of surface migration of Ge atoms on Si(100) has been carried out by scanning tunneling microscopy (STM). The authors found that surface migration is 1000 times faster along the substrate dimmer rows than perpendicular to them [13] . The aim of present work was to study Ge diffusion on clean Si(111), (110) and (100) surfaces. The studies were carried out by means of Auger electron spectroscopy (AES) and low energy electron diffraction (LEED).
Experimental
The experiments were performed with Si(111), (110) and (100) samples of p-type with resistivities between 5 and 10 Ohm·cm and the dimensions of 22×5×0.3 mm 3 . Clean surfaces were prepared by degassing the samples at least for 4 hours at 600
• C at a pressure of (1-2)×10 −10 Torr followed by a short flash at 1200
• C for 1 -2 min. The samples were heated by passing alternating current. The temperature T of a sample was controlled by an optical disappearing-filament pyrometer. Surface structure was monitored by LEED. After cleaning procedure on Si(111), (110) and (100) surfaces the 7×7, [3, 15] and 2×1 structures were observed respectively.
Ge concentration in atomic % was measured by AES using Auger Ge LMM (1147 eV) and Si LVV (92 eV) electron peaks. The excitation electron beam energy was 3 keV. Sensitivity factors were taken from [16] . For calculation of Ge concentration at low coverages we used a model of uniformly distributed Ge submonolayer on a Si substrate [17] . The diameter of the primary electron beam in the Auger spectrometer (ASC-2000, Riber) was about 30 μm and that in the LEED system was about 0.8 mm. The signal to noise ratios for Si LVV (92 eV) and Ge LMM (1147 eV) Auger peak from Si surface and the surface of Ge film correspondingly exceeded 100.
For preparation of a Ge evaporation cell, the pieces of Ge were located on a Si plate, which was heated by electric current. When the pieces of Ge melted, they fastened to the surface of silicon.
A Ge strip with sharp boundary and with the thickness of about 30 ML (ML is monolayer) was deposited from the Ge evaporation cell on a clean Si surface at room temperature. The width of the strip was 4 mm. Such a Ge strip was used as a source of diffusion. To calibrate the Ge deposition rate we measured the time which was necessary for the formation of the Si (111)-5×5-Ge surface structure. According to [18] , this structure forms when Ge coverage amounts to 1.5 ML at the temperatures of 400
• C and greater. In our experiments Ge deposition rate was 0.1 ML/min. The pressure of the residual atmosphere in vacuum chamber during the deposition was about 9 × 10 −10 Torr.
On the parts of Si(111) surfaces covered by Ge film the 5×5-Ge surface structure formed after annealing. On the Si(100) surfaces the 2×1 structure was observed. Besides the reflexes from the 2×1 structure, the spots from the facets were present in the LEED pictures. This means that the formed Ge films were not continuous. The occurrence of the facets is connected, apparently, with the formation of the islands similar to those observed elsewhere [19, 20] . On the Si(110) surfaces the ⎠ -Ge structure was observed. At first this structure was described in [21] . It forms at the Ge coverage greater than 1 ML. On the parts of Si surfaces which did not contain the adsorbed Ge, the surface structure characteristic for a clean surface was kept. The concentrations of the carbon and oxygen impurities were approximately 0.3 % and 1.5 %, respectively.
The samples with a Ge strip were annealed at certain temperatures for some time. Next, the distributions of Ge concentration were measured by AES method along a Si surface in the direction perpendicular to the edge of the Ge strip. To ensure the reliability of the results, we carried out several experiments at each temperature.
Results
The studies of Ge surface diffusion on Si(111) and (110) surfaces were carried out in the temperature range of 700-800
• C, and on Si(100) surfaces the corresponding range was from 600 to 800 • C. Studies at lower temperatures were not performed due to the long annealings times required to obtain diffusion profiles that could be resolved by AES.
Experiments were not carried out at temperatures higher than 800
• C because deviation of the lnD dependence from the linear one is appreciable. This may be due to both the diffusion of Ge atoms in the interior of Si crystal and to desorption of Ge from a Si surface. According to the data in [10] , Ge completely evaporates from a Si surface at a temperature about 900
After annealing of a sample with a deposited Ge strip at the temperature T during time t the sample was quenched to room temperature. In Fig. 1 , a typical Ge concentration distribution C Ge (x) on the Si(100) surface observed in our experiments is shown. It was obtained after annealing of the sample at 750
• C for 21 h. Along with C Ge (x) values the Ge and Si AES peak-to-peak values versus x are shown. The Ge concentration distributions on the Si(111) and (110) surfaces were similar to that in Fig. 1 . The distributions obtained in our experiments were short because of small mobility of Ge on Si surfaces. They did not exceed 1 mm in length. Therefore, the lateral resolution of our LEED system was insufficient to study the Ge induced structure within the bounds of the distributions. To calculate diffusion coefficients we used the equation
Here, x is the distance from the edge of the Ge strip, C 0 is the concentration of Ge at x = 0, D is the diffusion coefficient of Ge. The equation (1) describes the onedimensional diffusion from a source of constant strength in the absence of the diffusion of migrating atoms in the interior of a sample and of the desorption of the diffusing species from a surface [22] . In our experiments, the concentration C 0 at x = 0 remained timeconstant within the limits of accuracy of measurements during the experiments at fixed temperatures. This proved that the source of diffusion of Ge atoms could be considered as a constant concentration source.
In Fig. 2 Ge diffusion coefficients on the Si(111), (110) and (100) surfaces versus temperature are shown. The coefficients were calculated using the equation (1). deviate to lower values from the linear dependence. This is due to the effect of the loss of the diffusing Ge atoms from the surface into the Si bulk by volume diffusion. In [23] the criterion α = δ (Dvt) 1/2 was suggested to estimate the validity of the expression (1) at various temperatures. Here D v is the Ge diffusion coefficient in the volume of Si, δ is the thickness of the layer in which the surface diffusion takes place, t is the time of annealing. According to [23] , when α ≥ 10 the concentration distributions C(x, t) formed during an annealing are well described by erfc-function. When α < 10 the experimental C(x, t) diffusion profile is affected by the diffusion of migrating atoms in the interior of a sample. In Fig. 3 the dependence of α versus temperature is shown for the case of Ge diffusion on Si surfaces. To calculate α we used the values of Ge diffusion coefficients in Si bulk from the temperature dependence D v = 1.5 × 10 3 exp(−4.7eV /kT ) [24, 25] which was extrapolated to the temperature of 600
• C. The value of δ was taken as 2.35Å, t was 21
h. From Fig. 3 one can see that the condition α ≥ 10 is being fulfilled up to about 660 • C. At higher temperatures the Ge diffusion coefficients calculated on using expression
(1) are understated because of a loss of diffusing Ge atoms from the surface into the Si bulk by volume diffusion. At the temperatures above 700
• C the effect becomes essential.
Therefore the values of the Ge diffusion coefficients calculated on using expression 1 are understated, and they deviate from the straight lines (Fig. 2) .
Fig. 3 α versus temperature.
The shape of the Ge concentration distributions suggests that the Ge diffusion mechanism is identical on all three Si surfaces. The main reason for the differences in the activation energies and in the pre-exponential factors is that the process of diffusion along a crystal surface is structurally sensitive in a high degree. The differences were observed also for Pb diffusion along Si (100), (110) and (111) surfaces [2] .
Our results are in qualitative agreement with the conclusion made in [10] that the Ge diffusion coefficients on a Si(100) surface are greater than those on a Si (111) surface by at least two orders of magnitude. The computational data of Refs. [10, 11] were obtained for the atomic models of Si(100) surfaces with the one type of dimers. The authors investigated anisotropies of the Ge surface diffusion in the direction along the dimmer rows and in the direction normal to the rows. However, the real clean Si (100) surfaces are not ideal. On the successive Si(100) planes the dimers are located at 90
• relative to each other. As it follows from the LEED and STM data, the atomic planes of both types are always present on clean Si(100) surfaces, and they contain the areas with the dimmers that are located at 90
• relative to each other. Therefore, in our experiments, we measured the averaged values of Ge surface diffusion coefficients along a Si(100) surface with both sorts of dimers. Hence, a direct, quantitative comparison between our results for Ge diffusion on Si(100) surface and those obtained in Refs. [10, 11] would not be correct.
Conclusions
Ge diffusion on Si(111), (100) and (110) surfaces has been studied by AES and LEED methods. Ge diffusion coefficients versus temperature have been measured on the Si(100) surface in the temperature range from 600 to 800
• C, and on the Si(111) and (110) surfaces they were measured at the temperatures from 700 to 800
• C. Ge transport on Si surfaces occurs by means of proper surface diffusion. The values of Ge diffusion coefficients along a Si surface depend on the surface orientation. They considerably exceed the values of Ge diffusion coefficients in silicon volume at the same temperatures.
